By using first-principles calculation, the interaction of O2 and H2O molecules with the pristine and the defective InSe monolayers is studied. It is predicted that the single 
Introduction
To overcome the scaling-limit of the Si-based devices, in recent years, researchers have paid great attention to explore the application of two-dimensional (2D) layered semiconducting materials in modern semiconductor engineering. 1 As one of the typical III-VI semiconductors, bulk indium selenide (InSe) has a layered crystal structure. The bulk γ-InSe phase has a direct band gap of 1.26 eV. However, due to the quantum confinement effect, 2D InSe crystal transforms from a direct to an indirect bandgap semiconductor as the number of layers is reduced. 2, 3 Consequently, the InSe monolayer has an indirect band gap of 2.11 eV. [4] [5] [6] Experimentally, 2D InSe thin films can be synthesized by using the mechanical exfoliation, liquid exfoliation, and pulsed laser deposition methods. 3, [6] [7] [8] It is demonstrated that the produced 2D InSe thin films are promising 2D semiconducting materials for high-performance electronic and optoelectronic devices.
9 2D electron gas induced by the field effect at the surface of 2D InSe thin films has low-temperature mobility on the order of 10 3 cm 2 V -1 S -1 . 10, 11 Bandurin et al. reported that the electron mobility of the few-layer InSe encapsulated in the hexagonal boron nitride under an inert atmosphere is measured to be 10 3 and 10 4 cm 2 V -1 S -1 at room temperature and 4 K, respectively. 5 The values of electron effective mass are (0.140.01) m0 for six-layer InSe and (0.170.02) m0 for three-layer InSe, 5 much lighter than that of the monolayer MoS2 (m* = 0.45 m0) 12 . These reports suggest that 2D InSe hold great promise for fabricating ultrathin-body high-mobility nanoelectronic devices. Moreover, few-layer InSe photodetector shows a broadband photodetection with high responsivity 4, 6, 13, 14 and a gate-tunable behavior 15 , making promising application in photodetection. On the theoretical aspect, the basic structural and electronic properties of the monolayer and few-layer InSe have been investigated based on density functional theory (DFT) calculations. [16] [17] [18] It is shown that an electric field perpendicular to the InSe monolayer can induce a semiconductor to metal transition. 17 The element doping effect on the electronic and magnetic properties of the InSe monolayer has also been studied very recently. 19 One of the most important features of the 2D material is its inherent large surfaceto-volume ratio and high ratios of exposed surface atoms, which is highly favorable for the gas molecule adsorption and the surface-related application. When exposed to air, it is unavoidable that the property of 2D materials and the device performance built with these materials will be influenced due to the interaction with H2O and O2. [20] [21] [22] [23] [24] [25] For example, Zhang et al. experimentally demonstrated that a bandgap of ~ 0.111 eV can be achieved in bilayer graphene by the p-doping from H2O/O2 of the bottom layer and the n-doping from the deposited triazine of the top layer. 20 Late et al. reported that H2O
adsorption can lead to hysteresis in the MoS2 monolayer field-effect transistors. 22 The influence of H2O on the optical properties of the MoS2 monolayer has been investigated.
It is found that the photoluminescence of the MoS2 monolayer can be strongly quenched by a monolayer of sandwiched H2O, which serves as n-type dopants. 23 O2 and H2O with or without light also play a critical role in the degradation of the 2D materials in the air. [26] [27] [28] [29] [30] [31] For example, based on DFT calculations and molecular dynamics simulations, the ambient degradation of black phosphorus has been ascribed to light-induced production of superoxide, its dissociation and eventual breakdown under the action of H2O. 29 Considering the importance of ambient O2 and H2O in affecting the material properties, it is necessary to have an atomic level understanding on the interaction of O2 and H2O molecules with the surface of 2D InSe thin film, however, which is still very limited at the present time. Politano et al. 32 found an environmental p-doping of 2D InSe by combining experimental and theoretical characteristics, which was attributed to the decomposition of H2O molecules at Se vacancies. However, their DFT calculations reported that most physisorption systems for the considered molecules on the perfect InSe monolayer are highly endothermic, which is not true for the system dominated with weak van der Waals (vdW) interaction. Balakrishnan et al. 33 experimentally studied the oxidation of the 2D InSe thin film in the air. It is revealed that 2D InSe thin films can be chemically stable under ambient conditions over a period of several days. However, thermal-annealing in air can significantly accelerate the oxidation and convert a few surface layers of InSe into In2O3 over a very short period of time. This behavior may be due to that there are more structural defects appearing under the thermal-annealing conditions and the structural defects often exhibit an enhancement interaction with the gas molecules. can give deep insights into the role of O2 and H2O in doping and the oxidation of the 2D InSe semiconductor under ambient conditions. These insights will provide guidance for experimental control and tailing the physical properties of 2D InSe semiconductors, and advance the application of this fascinating material.
Computational details

Basic parameters
The calculations were performed with the projected augmented wave (PAW) formalism of DFT, as implemented in Vienna Ab-initio Simulation Package (VASP). [42] [43] [44] The generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
for the exchange-correlation energy is used. 45 Grimme's DFT-D3 method 46 is adopted to account for the vdW effects between the adsorbed molecule and the substrate. The cutoff energy for the planewave basis set is taken as 450 eV. Structure optimizations were performed until the Hellmann-Feynman force on each atom less than 0.02 eV/Å.
The convergence of the total energy is considered to be achieved until two iterated steps with energy difference less than 10 -5 eV. During the optimization, all the internal coordinates are allowed to relax with a fixed lattice constant. Furthermore, the climbing image nudged elastic band (CINEB) method is used to find the minimum-energy path (MEP) for the transition between different states. 47 The spring constants between adjacent images are set to -5.0 eV/Å 2 .
For the adsorption of O2 and H2O molecules, the 4×4 supercell has been used with the lateral size of the supercell larger than 16 Å. The distance between the InSe monolayer and its neighboring image is ~ 16 Å along the vacuum direction, which is sufficiently large to avoid the interactions between them. For such supercell, a 2×2×1
Monkhorst-Pack 48 k-point in the Brillouin zone is sampled for the geometry optimization and 7×7×1 for the densities of states (DOS) calculations. Unless otherwise specified, the calculations were performed with the consideration of spin-polarization.
Defect formation energy and adsorption energy
The defect formation energy, Ef, is defined as follows:
where Etot(defect) and Etot(pristine) are the total energies of the defective and the pristine InSe monolayers, respectively. μhost is the chemical potential of the removed Se or In atoms. With such a definition, defect with low formation energies will occur in high concentrations. 49, 50 The values of μhost in Eq. (1) In order to characterize the adsorption stability of O2 and H2O molecules on the various monolayer InSe supports, the adsorption energy, Ead, is studied and defined as:
where EM denotes the total energy of the free O2 or H2O molecule, and EInSe and EInSe-M denote the total energies of the various monolayer InSe supports without and with the adsorbed molecules, respectively. With this definition, a positive (negative) value of the adsorption energy means that the adsorption process is exothermic (endothermic) and energetically favorable (unfavorable).
Charge density difference
To better understand the interaction and the electron transfer between the adsorbed molecules and the various supports, the charge density difference (CDD) is studied. The CDD is calculated by the formula Δρ = ρM/InSe -ρM -ρInSe, where ρM/InSe, ρInSe, and ρM are the total charge densities of the support with the adsorbed molecule, the bare support, and the isolated molecule, respectively. ρM, and ρInSe are calculated with each component at the same position in the adsorption structure.
Results and discussion
Properties of the defective InSe monolayers
Firstly, the properties of the pristine InSe monolayers are investigated. As shown in Fig. 1(a for which is presented in Fig. 2(a) . The total magnetic moment of the whole supercell is 0.95 μB, of which 63% is localized on the dangling Se1 and Se2 atoms. In contrast, for the VIn 2 configuration (Fig. 2(b) ), Se3 atom is coordinated with two In atoms, while eV), the p-type device based on 2D InSe with intrinsic defects may be realized under proper experimental condition.
Adsorption of O2 and H2O molecules on the pristine InSe monolayer
The adsorption of O2 and H2O molecules is studied next on the pristine InSe monolayer, including the physisorption (PS), molecular chemisorption (MC), and dissociative chemisorption (DC) states. For the PS and MC states, as shown in Fig. 1(a 
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The most stable PS state for the O2 molecule on the InSe monolayer is shown in monolayer. 60 The CDD for InSe-PS1(O2) is presented in Fig. 4 , and S1(c), respectively. The DOS of these three configurations are similar to those displayed in Fig. 4(a) . However, the CDD and Bader charge analysis show that the O2 molecule above the TSe site (Fig. S1(c) ) acts as a weak donor by denoting electron (0.004 e) to the pristine InSe monolayer. Overall, due to much smaller adsorption energy for this configuration compared with other three ones, the pristine InSe monolayer will be p-dope by O2 molecules at ambient conditions. behaviors and electronic structures are observed for these three configurations compared with the most stable one. Therefore, the pristine InSe monolayer will be also p-doped by the adsorbed H2O molecules at ambient conditions. For H2O adsorption on the VIn surface, the PS states are still much more stable than the DC states, similar to H2O adsorption on the pristine InSe monolayer surface.
Adsorption of O2 and H2O molecules on VIn
Therefore, the physisorbed H2O will play a role in modifying the electronic property of surfaces, as shown in Fig. S5 . Therefore, similar to the pristine InSe monolayer, the VIn system will be also p-doped by the physisorbed H2O molecules at ambient conditions. (Fig. 7(b) ), has an adsorption energy of 2.354 eV, slightly more stable than VSe-MC2(O2) (Fig. 7(c) ) by ~ 0.1 eV. Interestingly, for VSe-MC1(O2) (Fig. 7(b) ) the Oa atom sits between the upper Se and In atomic planes, while the Ob atom nearly in the upper In atomic plane. On the contrary, for VSe-MC2(O2) (Fig. 7(c) ) the Oa atom sits nearly in the upper In atomic plane, while the Ob atom nearly in the upper Se atomic plane. Importantly, as shown in As shown in Fig. 7(d) , in the VSe-DC1(O2) configuration, the Oa atom occupies the Se vacancy and the Ob atom is nearly inserted between the In-In dimer. It is noted that, the Oa atom lies below the upper Se atomic plane, due to the small atomic radius of O atom compared with Se atom. 63 The distance between Oa and Ob atoms is 3.16 Å.
The bond lengths between Oa and its three neighboring In atoms are all about 2.2 Å and those between Ob and its two neighboring In atoms all about 2.1 Å. These structural parameters suggest that the O-O bond is completely dissociated by forming O-In bonds.
The DOS for VSe-DC1(O2) state is shown in Fig. 8(b) . 
O2 dissociation
The present study shows that, irrespective of the presence of defects, H2O molecule can only be physisrobed on the various InSe surfaces at ambient conditions, due to that the PS states for H2O are always much more stable than the chemisorption states and the latter are always endothermic processes, as shown in Table 1 . In contrast, the vacancies, especially Se vacancies, can greatly enhance the chemical activity toward the adsorbed O2, as evidenced by the significantly increased adsorption energies for the chemisorption states (Table 1) . Therefore, the adsorption of O2 and its further dissociation on the InSe surface should play a critical role in the possible degradation of 2D InSe semiconductors in the air, which is out of the scope of the present study.
Nevertheless, it is necessary to investigate the kinetic process from the physisorbed O2
to the chemisorbed O2, in order to gain a further insight into the effect of the exposed under-coordinated In or Se atoms on the oxidation of 2D InSe semiconductors. (Fig. 10) , the VIn-DC1(O2) configuration is selected as an intermediate state given with respect to the total energy of the IS. The InSe-PS3(O2) (Fig. 3(c) ) and InSe-DC1(O2) (Fig. 3(e) ) configurations are taken as the IS and FS, respectively. (Fig. 5(a) ), VIn-DC1(O2) (Fig.   5(b) ), and VIn-DC2(O2) (Fig. 5(c) ) configurations are taken as the IS, MS, and FS, respectively. (Fig. 7(a) ), VSe-MC1(O2) ( Fig.   7(b) ), and VSe-DC1(O2) (Fig. 7(d) ) configurations are taken as the IS, MS, and FS, respectively.
Considering that an elementary reaction with an energy barrier less than 0.9 eV from the DFT calculation could occur at room temperature easily. 30, 65 Even the exposed under-coordinated Se atoms due to the In vacancy can play an important role in dissociating the adsorbed O2 molecule at ambient conditions. And the exposed under- 33 This is in line with our present theoretical prediction that the exposed In atoms due to the Se vacancies have extremely high chemical activity towards the adsorbed O2.
Conclusions
In summary, by using first-principles calculation, the adsorption of O2 and H2O molecules on the pristine and the defective InSe monolayers is studied. It is predicted that the single Se and In vacancies exhibit significantly enhanced chemical activity toward the adsorbates, and the Se vacancies have a much higher chemical activity than the In vacancies. However, H2O molecule should be only physisorbed on the various InSe monolayers at ambient conditions, according to the calculated energies. Electronic structure calculation shows that the pristine InSe monolayer and the VIn system is pdoped by the physisorbed H2O, while the VSe system can be n-doped by the physisorbed H2O. Therefore, the physisorbed H2O will play an important role in modifying the electronic structure of the 2D InSe semiconductor. These results will help us understand the p-doing of the InSe reported in Ref. 32 .
The vacancies show a much higher chemical activity toward O2 than H2O.
Although O2 molecules are still physisorbed on the pristine InSe monolayer, which is p-doped by the adsorbates, they will be chemisorbed on the defective InSe monolayers.
It is found that the O2 dissociation process is endothermic by 1.24 eV on the pristine InSe monolayer. However, this process is exothermic by 2.15 and 4.57 eV on the VIn and VSe surfaces, respectively, Furthermore, the highest barrier for the whole O2 dissociation process is only 0.17 eV for the VSe surface, while they are 2.85 eV for the pristine InSe monolayer and 1.03 eV for the VIn system. Therefore, the surface oxidation of 2D InSe semiconductors should be dominated by the defects that expose undercoordinated host atoms, especially In atoms. The above results may give us more insight into the accelerated oxidation of the InSe thin films due to the thermal annealing under elevated temperature in Ref. 33 .
Our theoretical results can help better understanding the doping and the oxidation of the 2D InSe semiconductor under ambient conditions. These insights will provide guidance for experimental control and tailing the physical properties of 2D InSe semiconductors, and advance the application of this fascinating material.
